Atree belt bordering aroad can be auseful and environmentally friendly noise abatement measure when specific guidelines are followed. However, biological limitations regarding biomass density largely limit their shielding efficiency. Especially in case of recently planted belts with juvenile and thus thin trunks, acoustical efficiencies are small. The current study is afurther elaboration on apreviously performed large set of full-wavenumerical calculations of tree belt planting schemes, where the effect of the presence of supporting poles is numerically investigated. It is shown that such poles can be used to give aj uvenile non-deep tree belt ar easonable noise abatement, and that specificc onfigurations of supporting poles in between the trees can further optimize its shielding. Making such poles absorbing could strongly increase road trafficnoise abatement.
Introduction
Tree belts bordering aroad can be considered as an environmentally friendly and economically viable noise abatement solution, having an estimated benefit-cost ratio easily exceeding two [ 1] . When dealing with road trafficn oise applications, the forest floor and the trunks exhibit the main acoustical effects [2, 3] . Downward scattering by tree crowns can be considered as an egative effect of a tree belt when source and receivera re located belowt he canopyl ayer [4, 5] , butt oal imited extent [6] due to its relevance at high frequencies (>2kHz)only [7, 8] . Atree belt reduces sound during transmission, making its efficiencyd istance-independent while the soil effect is fully preserved (and most often enhanced [9] ). In contrast, a noise wall leads to ar educed ground effect [10] and its efficiencyi sr apidly lost with increasing source-receiver separation [11] .
In order to makeatree belt an efficient noise reducing measure, specificp lanting schemes should be chosen as waspreviously shown by analyzing adatabase consisting of alarge number of full-wavenumerical calculations of sound propagation through tree belts [3] . Although the stem coverf raction (i.e. the fraction of the ground area taken by the tree trunk cross-sections, in plan view) was identified as the main drivero ft he acoustical shielding, specificp lanting schemes were shown to strongly deviate from this basic behavior and thus offer possibilities to increase the shielding (att he same biomass density) [ 3] .
Tree belt depth (normal to the road)a nd width (along the road)were shown to be important as well [3] . In contrast, trunk height [2] and receiverd istance relative to the belt (when looking at insertion losses) [3] were of limited importance. Introducing some randomness in trunk positioning or trunk diameter increases shielding [2, 3] .
Theoretically,h igher efficiencies could be attained by further augmenting the trunk basal area, however, this conflicts with biological limits regarding access to light, nutrients and water for the trees. Some interesting approaches have been identified [3] to relax the need for high biomass density,without significantly affecting noise shielding. Rectangular planting schemes, where the tree spacing orthogonal to the road can be increased, omitting full rows of trees along the road length axis, and thinning inside the belt are examples of such measures [3] .
Although deliberately adding artificial elements in between the trees has been suggested to increase the shielding of ab elt in [1] , the current work is novelb yc onsidering common cylindrical wooden supporting poles as a practical solution. Such poles are important for juvenile trees to ensure straight growth even under wind load. At the same time, poles increase the number of scattering obstacles and could therefore add to the shielding of the belt, without biological competition with the trees. It is numerically studied if considering specificpole configurations makes sense, givent he importance of tree planting schemes [3] .
Calculation methodology
The calculation methodology has been presented before [3] , and is only summarized here. In brief, the 3D sound ©S.Hirzel Verlag · EAA propagation environment is simplified to modeling propagation in twoorthogonal planes as illustrated in Figure 1 . Full 3D calculations are not possible due to lack of sufficient computing power when aiming at capturing both the distances and asufficient part of the sound frequencyrange in arealistic road trafficnoise case.
In afirst plane (plane number 1, see Figure 1 ),parallel to the ground surface, scattering, diffraction and reflection by the tree trunks is calculated (ina bsence of ground reflections). The computationally intensive FDTD technique [12] is used here, needing avery finespatial and temporal discretisation. In the other plane (plane number 2, see Figure 1) ,t he sound-soil interaction is predicted (ina bsence of trees)u sing the Green'sF unction Parabolic Equation (GFPE) method [13, 14] , which is computationally much faster,basically since stepping in the propagation direction can be performed at multiples of the wavelength. The latter technique accounts for the ground surface impedance discontinuities (from rigid ground to forest floor,and then from forest floor to grassland)w hen sound travels from the different road segments towards the receiver. The simulations in both propagation planes are combined by summing their sound pressure levels, relative to free field propagation, the latter e.g. justified by the full 3D calculations of sound propagation through tree belts as discussed in [2] . The (total)attenuation is then found by also accounting for the geometrical divergence. This operation is repeated for each road segment (represented by ap oint source in its centre)contributing to the receiver.
The major assumptions allowing this split-up in sound propagation in twoo rthogonal planes are the independency [ 15, 16, 2, 17] of the soil effect from the multiple scattering process in such ar elatively sparse environment likeatree belt, the limited importance of trunk height in road trafficn oise applications [2] , and the equivalence between ap oint source and ac oherent line source when expressing results relative to free field sound propagation [18] .
Cases
The cases considered in this and previous work [3] consist of a4 -lane road trafficn oise situation (the total width of the road is 14 m, each lane taking 3.5 m),w ith ar eceiver located at 30 mfrom the border of the road (see Figure 2 ). The tree belt directly starts at the edge of the road and has awidth of 15 m. The tree belt fully covers the stretch of the road modeled, which is 100 m. There is au niform distribution of trafficoverall lanes; light vehicles (type 1) take 85% of the fleet and theya ll drive at au niform speed of 70 km/h. The same vehicle speed is assigned to the remaining 15% heavy traffic( type 3).T he Harmonoise/Imagine road trafficsource power model [19] wasused as it gives data detailed in 1/3 octave bands.
Results are represented for the hypothetical case where grassland is partly replaced by atree belt. Ahomogenous and windless atmosphere is considered. The ground effect and impedance discontinuities between the rigid road surface, the forest floor and the grassland are taken into account in detail. As as implification, it is assumed that a mature forest floor is present in all cases modeled. The modeling of the ground effect, as discussed in detail in [2] and [3] , is based on validated models for which parameters were found by data fitting on al arge set of outdoor measurements [20] . The road surface is modeled as fully rigid. Note that for the various tree belt cases considered, the ground effect stays the same and the GFPE simulations did not have to be repeated. This is another asset of the proposed calculation methodology separating the ground effect from the multiple scattering process. The main focus is on non-deep tree belts to increase its applicability along roads in suburban or even urban environments. The width of the tree belts is in all cases 15 m. Clearly,w ith increasing width, the efficiencym ight further increase in am ore or less linear waya si llustrated in [3] . Tree bark wass hown to exhibit some acoustical absorption and behavesm ore or less frequency-independent, as wass hown by the impedance tube measurements by Reethof [21] . A real-valued and constant time-domain impedance boundary condition is therefore applied at the outer surfaces of the cylinders representing the trunks in the numerical model. Although some species can have higher bark ab- sorption, arather conservative energetic absorption coefficient of 0.075 is used (atnormal incidence), corresponding to an impedance, relative to the one of air,ofZ=51 (further indicated as "normalized impedance"; for more details, see [3] ). Unless otherwise indicated, the absorption properties of the supporting poles are modeled in the same wayasthose of the tree trunks.
Twotree belt configurations have been considered from the manyp lanting schemes numerically evaluated before [3] . In afirst setup, asquare tree organization with aspacing of 2m on 2m has been considered for uniform tree diameters of 22 cm. This corresponds to atree trunk basal area of 1% which should be easily achievable with any kind of species. In asecond setup, arectangular grid with aspacing of 1mparallel to the road, and 2morthogonal to the road, has been selected. Each third rowhas been omitted, which wass hown before not to strongly deteriorate the road trafficn oise shielding of the belt. Uniform tree diameters of 22 cm were considered as well here, leading to an average trunk basal area of 1.5%, for which dedicated maintenance (likee .g. pollarding)o rs electing specificspecies (likee.g. willows)might be needed. The local dense configuration in the paired rows here is relaxed by the larger space of 4m(orthogonal to the road)inbetween them. Randomness is not included, neither in trunk spacing nor diameter.For both planting schemes, various pole configurations were studied as depicted in Figure 3. 
Numerical results
All numerical results are depicted in Figure 4 (see also Table Ifor the numerical values)infunction of the tree trunk basal area, which wasshown to be the basic parameter for predicting road trafficn oise shielding as discussed in detail in [3] . The results obtained within the framework of the current work were added to the large number of calculations performed earlier [3] to allowcomparison.
The poles and the tree trunks exercise amore or less additive effect, independent of the tree trunk diameters. This is illustrated by aseries of simulations where the tree trunk diameters increase from 4cm(e.g. juvenile trees)to24cm (mature trees). Pole configuration Eisused (see Figure 3 ) with all poles having ad iameter of 8cm. The differences in insertion losses between the situation with and without poles are in the range 2.1 to 2.6 dBA. Especially in case of the small-diameter trunks, the presence of poles makes the tree belt au seful noise abatement solution already from the beginning (4.0 dBAat4-cm diameter trees, corresponding to at ree trunk basal area of only 0.0005). Note that in this analysis, the ground effect is assumed to be similar for both the juvenile and mature tree belt, which is clearly asimplification.
Fort he scenarios where the tree spacing is 2m, both orthogonal and parallel to the road, configuration C( 4.5 dBA) is ab etter choice than configuration A (3.9 dBA).Inboth cases, each trunk is connected to the 4 nearest poles (all having adiameter of 8cm) butthe number of poles used in configuration Cisabout the double as in A. The additional rows of poles in configuration C, relative to B, only yield 0.1 dBAadditional road trafficnoise insertion loss.
Fort hese scenarios (A-C), pole diameters were varied (6 cm, 8cmand 10 cm). In scenario A, there is hardly any improvement by increasing the pole diameter (3.7 dBAfor ad iameter of 6cmt o3 .9 dBAa t1 0cm).F or configurations Band C, the difference between diameters 6cmand 8cmamounts to 0.5 and 0.7 dBA, respectively; the difference between pole diameters 8cma nd 10 cm stays very small (less than 0.1 dBA).
Forthe rectangular tree belt with the 1-m on 2-m spacing, and where each third rowhas been omitted to reduce the average tree trunk basal area, the acoustical efficiency increases with the number of poles per tree (for afixeddiameter and the current pole'sabsorption properties). Configurations D, E, Fand Guse 3poles per tree, while configurations Hand Ionly use twopoles. Within each group the number of poles is more or less the same. There are some small differences in shielding, ranging from 0.4 dBA in the series D-G, and 0.5 dBAb etween Ha nd I. The fact that configuration Ii ss lightly better than Hi sc onsistent with the idea of rectangular planting schemes [3] , where ad ense spacing along the road length axis is preferred, while orthogonal to the road the spacing could be larger.However,the preference for configurations Dand I is not very pronounced. Shifting the pole grid over1mfor each second row, as is done in case Gr elative to case E, [3] . The configurations including supporting poles are indicated with as ymbol and a naming, and connected to the corresponding reference cases (without poles, indicated by "r"). If not explicated, pole diameters are 8cmand their surfaces are modeled by anormalized real impedance of Z = 51; "Xcm" and "ZXX" are used for other diameters and impedances, respectively.T he names "A"t o" I" refer to the pole configurations as depicted in Figure 3 . Following trafficp arameters were used: 15% heavy vehicles, all driving at 70 km/h, equally distributed overthe 4lanes as shown in Figure 2. hardly influences the predicted road trafficnoise shielding (< 0.1dBA).
Making the supporting poles more absorbing givesa large improvement in the road trafficnoise insertion loss. In the basic scenario, as imilar impedance as used for the tree trunks (Z = 51)i si mposed on the outer surface of the cylinders representing the supporting poles. Fully rigid poles (Z = infinity)giveamore modest shielding than Z = 51 (1.2 dBAl ower), while with decreasing impedance the insertion loss increases (additional calculations were performed for Z = 25, Z = 16 and Z = 11). For Z = 11, the predicted insertion loss exceeds 10 dBA. In comparison, the same case without poles yields 4.5 dBA. On condition that absorption can be applied, here modeled as as implified frequency-independent behavior without having aspecificmaterial in mind, absorbing poles could strongly add to road trafficnoise shielding of anon-deep tree belt.
Making asecond grid of cylindrical scatterers, which is actually done by adding poles to the tree belts in as tructured way, shows to be efficient. The insertion losses predicted for tree belts with poles are larger than the insertion loss one would expect for trunks alone with the same wood basal area (sot ree trunk basal area and pole basal area summed together). This effect is especially pronounced in case of thin trees. Similar to the findings for tree belts without supporting poles, the trunk basal area only provides a first estimate and significant improvements relative to this basic behavior are possible. When the reference case is sound propagation overrigid ground (instead of grassland outside the road as in all previously cited predictions), the insertion losses for the cases considered in Figure 3a re on average 6.6 dBAl arger (with as tandard deviation of 0.2 dBA).For a15-m deep belt with tree and pole configuration D, the insertion loss then amounts up to 13.7 dBA (which was7 .3 dBAi nc ase of grassland in the reference case).
The results presented in this work are based on numerical simulations, inevitably involving some idealizations. However, arguments are giveni nt his paragraph allowing reasonable confidence in the results obtained. Firstly,d etailed sound propagation models were used; scattering of sound by cylinders (tree trunks)can be accurately predicted by afull-wavemethod likeFDTD, while GFPE accurately describes ground effects and associated impedance jumps. Acoustical parameters used to describe the forest floor effect [20] and tree bark absorption [21] are based on sets of measurements. Justification for the reduction to twoorthogonal propagation planes is giveninSection 2. In addition, road trafficsource modelling has been an important research topic since long, leading to continued improvements [19] . However, true validation of sound reduction by optimized tree belts is not available given the major practical issues involved: only sufficiently extended tree belts reduce road trafficnoise, while trees take decades to develop. To some extent, acomparison is possible with measurements by Tanaka et al. [22] . Fort runk basal areas up to 0.07, insertion losses ranged from 0dB to 4dB(only integer values are givenin [22] ; propagation distances were between 10 mand 20 m, relative to aforest edge). This corresponds to the predicted range in Figure 4 at lowtrunk basal areas.
Conclusions
Supporting poles can be exploited to increase the road traffic noise insertion loss of both juvenile and mature tree belts. The presence of wooden poles could makeajuvenile tree belt aviable noise abatement solution. Numerical predictions showed that specificconfigurations of supporting poles should be considered in order to optimize the noise shielding. Adding absorption, here modeled in asimplified approach, strongly increases the road trafficn oise abatement although the total amount of the pole'souter surfaces is actually limited.
